Objective: The purpose of the investigation is to examine urinary biomarkers of polycyclic aromatic hydrocarbon (PAH) exposure among firefighters and asphalt workers. Methods: Average concentrations of urinary PAHs were used for comparative analysis between groups of firefighters and asphalt pavers. Microsoft Excel was used to perform calculations and the t-test was utilized for statistical analysis. Results: When compared to the National Institute of Standards and Technology (NIST) standard for smokers and non-smokers, firefighters demonstrated various statistically significant differences in urinary PAH concentrations. Asphalt workers had statistically significant higher urinary concentrations in three PAHs as compared to the NIST smoker mean. Conclusions: Firefighters did not demonstrate a substantial change in urinary PAH metabolite levels when compared to controls. Asphalt pavers experienced concentrations that were in some cases increased by orders of magnitude compared to controls.
or high pressure processes [2] . PAHs often consist of three or more fused benzene rings composed of only carbon and hydrogen. There are 18 PAHs that are commonly produced during fires [3] . Of these, the World Health Organization's International Agency for Research on Cancer (IARC) classifies one as being carcinogenic to humans (benzo [a] pyrene) and eight others as being possibly or probably carcinogenic to humans for lung, skin, and bladder cancers [4] . Smoke contains particulate and gaseous phases, both of which contain PAHs [1] .
When actively suppressing fires, firefighters typically wear protective ensembles that are compliant with NFPA standards and a Self-Contained Breathing Apparatus (SCBA). Even when properly utilizing the aforementioned protective equipment, it has been demonstrated that firefighters have the potential to absorb PAHs during fire suppression activities [3] . However, the exposure may be insufficient to contribute to the carcinogenic process. In epidemiological studies, cancer outcomes in firefighters have been inconclusive.
For instance, Hanson 1990 [5] suggested an association between firefighters and lung cancer, but it is a singular finding among 12 other studies that find no increase in risk for lung cancer among firefighters [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Another occupational group that may have substantive PAH exposure is asphalt laying workers. Asphalt, also known as bitumen, is primarily utilized in the United States for road paving and exposure is known to potentially cause DNA damage [18] . It contains a mixture of polycyclic aromatic compounds which lead asphalt pavers to be exposed to PAHs. PAH metabolites are accepted biomarkers for monitoring exposure to asphalt emissions [19] [20] and urinary 1-OH-Pyrene has proven to be a favorable predictor of oxidative DNA damage, specifically in asphalt exposed workers [21] . Urinary PAHs in asphalt pavers is associated with both inhalation and dermal exposure [22] , with dermal exposure being the primary route [23] [24] . Scientific evidence exists to suggest that asphalt pavers have an excess risk of cancer, although it is inconclusive and unclear if the increased cancer risk is secondary to only asphalt exposure or a combination of asphalt, diesel oil, tobacco and tar exposure [23] . In 2015, Rhomberg et al. performed a robust investigation to examine quantitative risks for roofing workers exposed to asphalt. It was reported that epidemiology studies do not consistently report elevated risks, nor do they have sufficient exposure evidence or satisfactory control for confounders. As such, much of the existing data was deemed inadequate for dose-response analysis. When Environmental Protection Agency consistent time-to-tumor model methods were applied to quantify potential cancer risks, roofers (with both dermal and inhalation exposure to asphalt) had cancer risks within a range typically considered acceptable within regulatory frameworks [25] .
The purpose of the current investigation is to examine urinary biomarkers of PAH exposure among firefighters and asphalt workers to determine if these occupational groups are appropriate for further investigation regarding cancer risk from PAH exposure.
Methods
In In 2003, the CDC published a case control study [26] which compared blood and urine specimens of firefighters who responded to the World Trade Center (WTC) disaster to firefighters who were not present at the WTC. Sampling occurred 3 weeks after September 11, 2001 . A total of 110 potentially fire related chemicals were analyzed, including urinary PAH metabolites. The study had 318 WTC disaster exposed firefighters and 47 firefighter controls who were not at the WTC. Urinary PAH data was ultimately collected for four cohorts: control firefighters (unexposed to field activity), firefighters who were present at the WTC collapse, firefighters who were present on WTC post-collapse days 1 and 2 but were not present at collapse, and special operations command firefighters.
In 2012, a study using urinary biomarkers of PAHs to guide exposure-reduction strategies among asphalt pavers was conducted. Urine samples (n = 480) were collected from 12 paving workers over 3 workdays during 4 workweeks. Preshift, postshift, and bedtime urine samples were collected and analyzed for 1-OH-pyrene; 1-, 2-, 3-, 4-OH-phenanthrene; 1-, 2-OH-naphthalene; and 2-, 3-, 9-OH-fluorene. Each of the 4 weeks represented a different exposure scenario: a baseline week (normal conditions), a dermal protection week (protective clothing), a powered air-purifying respirator (PAPR) week, and a biodiesel substitution week (100% biodiesel provided to replace the diesel oil normally used by workers to clean tools and equipment) [23] . The baseline data from nominal work conditions were used in this study to make comparisons to relative PAH biomarker levels in asphalt workers, firefighters, and the general population.
Subjects from all groups were selected based on the presence of a measured urinary sample of the indicated PAHs. As this data had been previously collected and data based by their respective project programs, all data was selected for use.
Unfortunately, demographic data was not available for all subjects and was not included in the analysis. Average concentrations of each urinary PAH were calculated and used for comparative analysis between all groups. Microsoft Excel was used to perform calculations and the t-test was utilized for statistical analysis to determine statistically significant differences in biomarker concentrations between groups with a p-value of <0.05 being considered statistically significant.
Results
When compared to the NIST standard for smokers and non-smokers, firefighters demonstrated statistically significant differences in urinary concentrations for the following metabolites: 2-OH-fluorene, 3-OH-fluorene and 1-OH-pyrene, which were lower in firefighters than the NIST mean for smokers. 1-OH-phenanthrene, 2-OH-phenanthrene and 3-OH phenanthrene were higher among world trade center exposed firefighters than the NIST mean for smokers. When firefighters were compared to the NIST non-smoker standard, firefighters demonstrated elevated levels in all tested PAH biomarkers due to a mixture of smokers and nonsmokers in the firefighter cohort. Asphalt workers had statistically significant higher urinary concentrations of 2-OH-fluorene, 1-OH-phenanthrene and 3-OH-phenanthrene as compared to the NIST smoker mean. The results of statistical analyses between firefighter and asphalt paver cohorts are summarized in Figure 1 .
As 1-OH-Pyrene is the only PAH classified as a known human carcinogen, the results of this biomarker data are of particular importance to potential health outcomes. Firefighter biomarker levels all measured in between the range of smokers and non-smokers, which is expected of the firefighter groups considering they contained a mixture of smokers and non-smokers. However, asphalt paver biomarker concentrations were statistically significantly elevated above those found in smokers and were nearly 3 fold higher on average. 
Discussion
The findings reported here indicate that the sample of firefighters produced expected concentrations of urinary PAHs relative to the general population considering that the sample consisted of smokers and non-smokers, and the average concentrations fell between those of non-smokers and smokers in the general population for several PAHs. Of particular importance is the finding of near background levels of 1-OH-Pyrene found in the Firefighter samples as that is the only PAH conclusively demonstrated to be carcinogenic.
Asphalt pavers, however, produced higher than background PAH concentrations for all types measured. Considering that the data used for comparison in this study was derived from a program designed to reduce exposure to workers, the averages reported here likely represent "best case" concentrations. It is important to note, though, that due to the lack of dose-response data that exists for PAH biomarkers and cancer outcomes, it is not possible to conclude that these markers of elevated exposure for this group confers any increased risk for cancer.
The issue of smokers in the cohorts and the inability to specifically identify individual smoking status is a limitation of the study. For firefighters, using a serum cotinine greater than 10 ng/mL to estimate smoker status, 87 of the 358 (24.3%) firefighters with measured serum cotinine in the analysis groups could be described as smokers. In the asphalt paver cohort, five of the workers were nonsmokers, six smoked cigarettes, and one was a smoker who quit during the study. One of the nonsmokers chewed tobacco. This, taken within the context of the NIST smoker and non-smoker urinary PAH data, ensures that the data reported here can still be interpreted with relevance to the workplace exposure experience.
The WTC firefighter study had notable strengths and weaknesses. The main strength of the firefighter study is that it is a robust biomonitoring study reported on an occupational cohort during the initial weeks of exposure to a major fire, building collapse and urban disaster. Other key advantages of the study are the sheer number of compounds tested (110) and number of participant firefighters (318 exposed and 47 controls). The biomonitoring protocol to quantify chemicals in firefighter blood and urine was developed by the CDC's National Center for Environmental Health, Division of Laboratory Sciences. It should be noted that the reason special operations firefighters were not included in this study is because raw data was not available from this cohort.
In the asphalt paver exposure-reduction study, there were 480 asphalt paver urine samples which originated from only 12 workers. Since the urine samples were collected at different times of the day and after various methods of exposure mitigation, we used average urinary PAH concentrations in our analysis.
However, since three of the four study weeks featured samples from varying methods of exposure protection (not typically used in current day-to-day practice), there is potential for the urine PAH results to be skewed to lower concentrations. The result is a potential underestimation of PAH levels in asphalt workers, working under nominal conditions.
Presumptive disability laws link a specific occupation with a disease or condition that has been shown to be a hazard associated with that occupation. By establishing an association, if an individual employed in the occupation covered by the presumption develops a disease or condition that is specified in the presumptive law, then that disease or condition is presumed to have come from that occupation. As such, the burden of proof shifts from the employee to the employer to establish that the condition was not in fact associated with the occupation but with an alternative cause.
Prior to 2002, firefighters were not automatically covered for medical expenses related to presumed occupationally induced cancer. Now 90% of firefighters in Canada and Australia have some coverage along with firefighters in 33 US states [27] . However, these policies stand in conflict with current epidemiological evidence that has failed to clearly indicate elevated cancer risks in this worker population. As well, there is a disparity between worker groups, where groups that may actually have higher exposures (such as asphalt pavers) receive no presumptive classification.
The biomarker data presented in this article suggest asphalt paver workers may be a target worker group for epidemiological investigation into the potential impact of PAH exposure on cancer outcomes due to their higher exposure. As well, industrial hygienists may be advised to seek better exposure mitigation procedures for asphalt paver workers as a precautionary measure to reduce exposure to PAHs, even though increased cancer risk from this exposure has not been established.
Conclusion
While firefighters did not demonstrate a substantial change in urinary PAH metabolite levels compared to control populations of smokers and non-smokers, asphalt pavers experienced concentrations that were in some cases increased by orders of magnitude compared to NIST controls. This may, in part, explain the failure of the epidemiological literature to demonstrate an increase in cancer risk for the firefighter population. Further research is recommended to evaluate potential health risks for asphalt pavers, due to their elevated exposure to PAHs.
